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This paper focuses on the development of low-order models for the generation of 
compressor sub-idle characteristics via numerical simulation of an axial-flow 
compressor at sub-idle conditions. A through-flow code using body forces developed by 
Cranfield University is used as a framework to test three new methods to model blade 
row performance under sub-idle conditions. The first method is a simplified analytical 
model of a separated blade passage, originally developed to model reverse flow through 
the passage. The method consists of a modification to the body forces employed by the 
code and can be easily adapted to model the sub-idle operating condition. The second 
method is a set of pressure loss and deviation angle correlations developed at Cranfield 
University specifically for sub-idle conditions. A third approach makes use of the 
deviation angle correlations along with the modified body-force method, resulting in a 
hybrid approach. These three methods are implemented in the through-flow code to 
obtain low-order models that are then used to generate compressor characteristics under 
locked rotor and windmilling conditions. The code created is able to generate 
compressor characteristics throughout the sub-idle operating regime in a few minutes. 
The low-order model results are compared against experimental data from a sub-idle 
compressor rig and CFD RANS simulations of the same compressor. The generated 
characteristics show promising results, with only minor calibration required for the 
numerically calculated characteristics to match those generated via experiment. 
Keywords: Axial Compressors, Sub-idle conditions, Performance, Simulation and 
Design 
NOMENCLATURE 
HPC High pressure compressor 
LES Large eddy simulation 
PS, SS Pressure side, suction side 
RANS Reynolds-averaged Navier-Stokes 
SBES Stress blended eddy simulation 
TVD Total variation diminishing 
 
Symbols 𝑏  Longley's blockage parameter [−] 𝐸0, 𝐻0  Internal energy, Enthalpy [ 𝐽 𝑚3⁄ ] 𝑓  Volumetric force [ 𝑁 𝑚3⁄ ] ℎ  Grid size [𝑚] 𝐼  Shaft inertia [𝑘𝑔 ∙  𝑚2] 𝑖  Incidence angle [𝑑𝑒𝑔] 𝑊𝐸𝑋  Work exchange [ 𝑊 𝑚3⁄ ] 𝑀  Mach number [−] ?̇?′  Design point normalised corrected mass-flow [−] 𝑃  Pressure  [𝑃𝑎] 𝑟  Radius [𝑚] 𝑅𝑒  Reynolds number [−] 𝑇  Temperature  [𝑇] 
T, dt  Time, time step [𝑠] 𝑈  Blade velocity [𝑚 𝑠⁄ ] 𝑢  Flow velocity [𝑚 𝑠⁄ ] 𝑥  Axial position [𝑚] 𝑋  Generic variable [−] 𝛼  Air flow angle [𝑟𝑎𝑑] 𝛽  Camber-line direction [𝑟𝑎𝑑] 𝛾  Stagger angle [𝑟𝑎𝑑] 𝛿  Deviation angle [𝑟𝑎𝑑] 𝜃  Circumferential position [𝑟𝑎𝑑] 𝜌  Density [ 𝑘𝑔 𝑚3⁄ ] 𝜎  Solidity [−] 𝜏, 𝜏𝑃  Torque [𝑁 ∙ 𝑚], Corrected torque parameter [𝑁 ∙ 𝑚/𝑃𝑎] 𝛺, 𝛺′  Rotational speed [𝑟𝑎𝑑 𝑠⁄ ], Normalised rotational speed  [−] 𝜔  Pressure loss coefficient  [−] 
 
Subscripts 𝑟, 𝑥, 𝜃  Radial, axial, circumferential direction 𝐼𝑁  Blade row inlet conditions 𝐹𝐼𝑁𝐸  Property of the fine grid 
 
1.0  INTRODUCTION 
An aviation engine is exposed to the sub-idle regime on start-up or during windmill 
relight. While these events have historically not warranted a detailed performance 
evaluation, more stringent certification standards, customer requirements and the push 
for marginal benefits in fuel efficiency have highlighted the need for accurate sub-idle 
performance characterization [1]. Additionally, modern engines with increasing by-pass 
ratios put a strain on relight capability, while larger gearboxes and driven accessories 
also contribute to increased windmilling drag and reduced starting performance [2]. As 
the trend for higher by-pass ratios and geared configurations continues to increase, so 
 
too does the need for improved sub-idle performance, requiring improved prediction 
techniques. 
 
Figure 1 Sub-idle compressor map. 
The sub-idle portion of a map can be divided into three distinct regions depending on 
the sign of the work and total pressure changes, as in Figure 1. While any point with a 
pressure ratio above unity is considered inside the compressor operation region, the 
regions with a total pressure loss can be divided into stirrer and turbine modes 
depending on the sign of the work input. In the stirrer mode, there is a work addition to 
the flow along with a pressure loss, while work extraction and pressure loss define the 
turbine mode. A key element of the map is the boundary between these last two regions, 
which corresponds to the torque-free windmilling characteristic [3]. At this torque-free 
windmilling characteristic, there is no net torque on the shaft and no net work done on 
the gas. In the absence of loads and frictional losses, the torque-free windmilling line 
could be reached by a compressor simply due to the incoming flow. In a real-life 
application, frictional losses result in steady state windmilling operation occurring 
slightly below the torque-free windmilling line, marginally in the turbine region [4]. At 
the lower extreme of the map, the locked rotor line corresponds to zero speed operation, 
where flow simply passes through the compressor, incurring a pressure loss and 
imparting torque on the shaft. Due to the net enthalpy change (∆𝐻) becoming zero at the 
windmilling line, performance parameters containing an enthalpy term in the 
denominator are not continuously defined throughout the sub-idle region. For this 
reason, the corrected torque parameter (𝜏𝑃) is used alongside the pressure ratio and 
corrected mass-flow to describe compressor performance in the sub-idle region [5]. This 
parameter is defined as the shaft torque divided by inlet total pressure. 
In order to accurately predict whole-engine performance using a zero-dimensional 
performance solver, maps are required for the different engine components. As data in 
these regions is scarce and not generally obtained from rig tests, a way to generate these 
maps needs to be devised. Several techniques have come about for the generation of 
sub-idle compressor maps using a variety of graphical [6], and analytical methods [7-8]. 
These are generally low-fidelity approximations that limit the accuracy of the generated 
performance data. A review of these methods can be found in Jones et al. [9]. Previous 
work at Cranfield University has looked at enhancing map generation by including 
interpolation from limited sub-idle data, such as locked rotor and windmilling 
characteristics [10-11]. While these last methods have shown to result in viable maps, 
they highlight the need to accurately calculate the locked rotor and, especially, 
windmilling characteristics to further improve the reliability of the maps generated. 
The numerical scheme presented in Righi et al. [12] has shown the capability to model 
compressor operation at extreme off-design cases, and as such is a strong candidate for 
application to the sub-idle case. This paper concerns itself with the adaptation of the 
through-flow code presented in that work to sub-idle modelling along with validation 
against experimental data. The significance of these simulation results is that they may 
be used as inputs to the map generation method presented in Ferrer-Vidal et al. [11], 
yielding compressor maps of improved accuracy.   
2.0  EXPERIMENTAL METHOD 
An experimental sub-idle rig is required to generate the sub-idle data needed for 
validation. The data is gathered in the form of locked rotor and windmilling 
characteristics, which do not require the compressor to be powered. A Rolls-Royce 
Allison Model 250 (M250) C20b axial compressor assembly is used.  The rig includes 
pressure rakes upstream and downstream of the compressor, an optical shaft speed 
sensor, and a downstream settling duct and venturi flow meter. The compressor is 
unpowered, with an extraction fan and butterfly valve used to set the mass-flow. The 
shaft is locked to obtain the locked rotor characteristic and freed to obtain the 
windmilling line. The rig arrangement is shown in Figure 2. 
 
Figure 2 Sub-idle rig arrangement schematic and pictures from the original experiment. 
A torque transducer is used to lock the compressor shaft for locked rotor studies and 
measure the torque. The transducer is placed on an adaptor plate while a groove in a 
compressor shaft extension allows the coupling of the transducer.  The shaft speed is 
measured via an optical speed sensor which reads off a sticker placed on the shaft 
extension. A more detailed description of the rig may be found in Ferrer-Vidal et al. 
[11]. 
3.0  LOW-ORDER MODEL 
The low-order models presented here are a direct application of the through-flow code 
originally described by Righi et al. [12] which has been modified to introduce sub-idle 
modelling. An overview of the through-flow code is first given, followed by a 
description of the three different methods used to model the performance of blade rows 
in sub-idle conditions. 
The code was originally created to handle compressor surge transients, where a 3D 
formulation is required for the proper simulation of stall cells. The flow is considered to 
 
be axisymmetric for the purpose of obtaining sub-idle characteristics, allowing a 2D 
formulation. The flow equations are solved transiently on a relatively coarse grid, as 
required to maintain acceptable computational performance. A structured mesh is 
generated based only on the annulus geometry, requiring the number of elements in 
each geometric direction as an input, but with no need for detailed mesh generation.  
The equations solved are the unsteady, compressible, cylindrical Euler equations, and 
may be written in matrix form as: 
𝜕𝜕𝑡 [   
 𝜌𝜌𝑢𝑟𝜌𝑢𝜃𝜌𝑢𝑥𝜌𝐸0]  
  = −1𝑟 𝜕𝜕𝑟 [  
  𝜌𝑟𝑢𝑟𝜌𝑟𝑢𝑟2𝜌𝑟𝑢𝜃𝑢𝑟𝜌𝑟𝑢𝑥𝑢𝑟𝜌𝑟𝐻0𝑢𝑟]  
  − 1𝑟 𝜕𝜕𝜃 [  
  𝜌𝑢𝜃𝜌𝑢𝑟𝑢𝜃𝜌𝑢𝜃2 + 𝑃𝜌𝑢𝑥𝑢𝜃𝜌𝐻0𝑢𝜃 ]  
  − 𝜕𝜕𝑥 [   
 𝜌𝑢𝑥𝜌𝑢𝑟𝑢𝑥𝜌𝑢𝜃𝑢𝑥𝜌𝑢𝑥2 + 𝑃𝜌𝐻0𝑢𝑥 ]  
  +
[  
   
 0𝜌𝑢𝜃2𝑟 + 𝜕𝑃𝜕𝑟 + 𝑓𝑟−𝜌𝑢𝜃𝑢𝑟𝑟 + 𝑓𝜃𝑓𝑥𝑊𝐸𝑋 ]  
   
 
 
 ( 1 ) 
where 𝑓𝑟, 𝑓𝜃, 𝑓𝑥, 𝑊𝐸𝑋 are source terms introduced by the body-force method. 
The Godunov scheme is used for the solution of Equation 1. This is a first-order 
accurate, monotone, finite volume scheme where inter-volume fluxes are calculated 
based on the solution of the local Riemann problem. It is total-variation diminishing 
(TVD) preventing unphysical solutions from arising [13] but, as a first order method, it 
introduces substantial numerical diffusivity. Because of their diffusivity, first order 
schemes are not generally considered accurate for traditional CFD [14]; however in the 
current application, in which highly separated flows are modelled using Euler equations, 
the numerical diffusion is considered advantageous as it helps stabilize the simulation. 
To simulate the presence of the blades, the body-force method is used. There is no 
resolution of the flow-field inside the channels; instead, the flow inside each grid 
element is considered as a pitch-wise average of the flow inside one or more channels. 
The body forces introduce the effect of the blade as a turning and a total pressure loss. 
This requires the knowledge of the performance of the blade, in the form of a deviation 𝛿 and a total pressure loss, expressed as a pressure loss coefficient𝜔. The formulations 
used here to calculate the forces are derived from what is proposed in Longley [15] and 
Brand [16]. The forces are decomposed and applied onto the grid in the radial, 
circumferential, and axial directions, represented by 𝑓𝑟, 𝑓𝜃, 𝑓𝑥 in the source term of 
Equation 1. A work exchange term (𝑊𝐸𝑋) is also included, which accounts for the rotor 
work input to the flow as a result of the flow turning. A detailed explanation of this 
methodology is found in Righi et al. [12]. 
Non-reflecting boundary conditions are applied at the inlet and outlet of the model [17]. 
A total pressure and temperature inlet boundary condition is used along with a static 
pressure outlet. To generate characteristics, the outlet static pressure is lowered 
incrementally to simulate throttling. For the locked rotor case, the model RPM is set to 
zero. For the windmilling case, the torque is integrated over all the elements inside of 
the rotors and a simple balance equation is used to alter the rotational speed as shown in 
Equation 2. The rotational speed changes until the torque matches the target value 𝜏𝑡𝑎𝑟𝑔𝑒𝑡; this is set to zero for zero-torque windmilling case but it can also be used to 
introduce friction or an external force on the shaft (e.g. cranking).  As the code uses a 
transient formulation, a shaft inertia 𝐼 must be input by the user. Since in this study only 
the steady-state solution is of interest, the inertia is set to a very low value to accelerate 
convergence. 𝛺𝑡+1 = 𝛺𝑡 + ∑𝜏 + 𝜏𝑡𝑎𝑟𝑔𝑒𝑡𝐼 ∙ 𝑑𝑡 ( 2 ) 
As mentioned, the through-flow code requires knowledge of blade performance in the 
form of total pressure loss and deviation angle. For the sub-idle case, three different 
blade performance models are implemented independently and their results compared. 
These models and their relative merits are described below. 
3.1 Separated passage flow model 
The through-flow code employs a passage blockage method originally proposed by 
Longley [15] to model the performance of blade rows in reverse flow conditions. This 
methodology has been described in Righi et al. [12] as part of the reverse flow treatment 
used in modelling compressor stall transients. In this paper, the adaptation of this 
approach for use in sub-idle modelling due to the similarities between the flow regimes 
is proposed. 
 
Figure 3 Sub-idle flow model (top) and reverse flow model as presented in [15] (bottom). 
During sub-idle operation, low blade speed combined with comparatively large mass-
flow results in operation at high flow coefficient and highly negative blade incidence 
angles. Due to these highly negative incidences, the flow separates from the pressure 
side (PS) of the blade, while remaining well attached to the suction side (SS) [18]. The 
situation is very similar to the reverse flow model developed by Longley [15], where the 
flow is considered to be split into an isentropic jet closely attached to the blade pressure 
side along with a separated low-momentum region on the suction side. For this sub-idle 
model, we instead consider the isentropic jet to remain attached to the suction side, with 
the low-momentum separated region on the pressure side a result of the negative 
incidence flow. Figure 3 shows the similarities between the original reverse flow model 
from Longley [15] and its application to sub-idle within this work. 
The isentropic jet is considered to exit the passage parallel to the blade chord, with a 
flow angle equal to the blade stagger angle. The recirculation region is considered to be 
of negligible mass-flow. A 𝑏 parameter is defined analogously to that presented by 
Longley as the ratio between the real axial momentum of the separated flow and the 
axial momentum of a pitch-wise averaged flow. This parameter thus characterizes the 
flow non-uniformity arising as a result of the pressure side recirculation region present 
at sub-idle.  The 𝑏 parameter is calculated from the inlet flow angle and blade stagger as 
shown in Equation 3. 𝑏 = 1 + |sin(𝛼𝐼𝑁 − 𝛾)cos(𝛼𝐼𝑁) | ( 3 ) 
As opposed to the method proposed by Longley, the model presented here does not 
account for the transport of this 𝑏 parameter. The mixing of non-uniform flow is thus 
modelled as occurring instantaneously, resulting in a deviation angle of the mixed-out 
flow solution. The point at which maximum blockage is reached is set at a quarter of the 
chord and from this point the profile of 𝑏 in the passage is modelled based on a 
prescribed mixing ratio. We can then estimate the value of 𝑏 at the trailing edge, from 
 
which the mixed-out flow angle can be calculated. As a result of the mixing, the 
deviation angle also becomes a function of the blade solidity in addition to the stagger 
angle. This mixed-out deviation angle is then imposed on the flow via the body-force 
method.  
Skin friction losses are not considered, as separation is deemed to be the dominant loss 
mechanism. Losses due to separation are introduced by modifying the direction in 
which body forces are imposed. This foregoes the need for loss correlations. This 
pressure loss treatment does not need the flow to enter at the leading edge and exit at the 
trailing edge, allowing for re-circulating and reversed flow conditions to be treated. On 
the other hand the deviation model used needs the blade passage inlet and outlet to be 
uniquely defined, not being able to handle recirculation. In such a case, the deviation is 
set to 0 degrees.   
3.2 Sub-idle correlations 
The classical approach to modelling blade row performance is through the use of 
empirical correlations. As no correlations spanning the negative incidence range typical 
of sub-idle operation are available in the literature, a set of (as yet unpublished) 
correlations tailored to negative incidences has been developed by Cranfield University 
which predict both deviation and pressure loss for a range of inlet conditions. The 
correlations are derived from a campaign of 2D CFD simulations of a typical modern 
HPC rotor blade row at mid-span.  These simulations encompass the full negative 
incidence range down to 𝑖 = −90 𝑑𝑒𝑔, including cases with pressure side separation as 
shown in Figure 3. The campaign was performed using steady state RANS simulations 
to reduce the computational cost. In a separate study, the locked rotor characteristic of a 
3D single-stage model was generated using RANS simulations and time-accurate 
URANS SAS (Unsteady Reynolds Averaged Navier-Stokes Scale Adaptive Simulation) 
and SBES (Stress Blended Eddy Simulation, a hybrid RANS-LES formulation). 
Although the sub-idle condition is substantially unsteady, the time-average of the results 
from the unsteady simulations closely match the results from the RANS formulation, 
suggesting that the latter are appropriate for the creation of correlations and 
characteristics [19]. The blade row is simulated for a range of Mach numbers, inlet 
angles and Reynolds numbers; the blades are also rotated and translated rigidly to test 
different solidities and stagger angles. The domain extends several chord lengths after 
the blade row to ensure the wakes from the separated passages are fully mixed; the 
deviation and pressure loss are then calculated considering the fully mixed out flow at 
domain outlet.  
The database created from the CFD results is used to train a neural network, creating an 
algorithm to predict the performance based on blade geometry and inlet conditions: (𝜔, 𝛿) = 𝑓(𝛾, 𝜎, 𝑖, 𝑀𝐼𝑁, 𝑅𝑒𝐼𝑁) ( 4 ) 
In this method the body forces used are always aligned with the flow and do not 
introduce any additional pressure loss, but only that predicted by the correlation. Unlike 
the separated passage flow model, these correlations cannot work when recirculation is 
present in the blade passage. In this case, the deviation is set to 0 degrees and no 
pressure loss occurs. 
3.3 Hybrid method 
The flexibility granted by the separated passage flow model during transients and in 
case of recirculation is very useful, especially in cases where we expect the flow to 
develop recirculation or strong radial flow. However, the deviation calculated with the 
analytical model in Figure 3 is based on an incompressible flow, does not include the 
inlet Reynolds number, and is based on the assumption of the blade behaving like a flat 
plate.  
The simplified deviation treatment is arguably the crudest assumption in the separated a 
passage model.  To possibly improve on this, a hybrid approach is proposed where the 
deviation obtained from the sub-idle correlations is used to determine the flow turning 
imposed by the body forces in the separated passage flow model. The pressure loss 
instead is introduced by stream-wise components of the turning forces as in the 
separated passage flow model. This hybrid method is implemented in the through-flow 
code and the results are compared to those obtained with the 2 models described above. 
4.0  RESULTS AND DISCUSSION 
The low-order numerical models described are used to obtain the locked rotor 
characteristic and windmilling lines for an Allison M250 axial compressor rig, which 
has been tested under sub-idle conditions at Cranfield University. The characteristics 
obtained are compared to experimental data reported by Ferrer-Vidal et al. [11] and 3D 
RANS CFD simulations of the same compressor. 
With the through-flow code, each characteristic is created by running only a few 
simulations in which the boundary conditions are changed in steps and leaving enough 
time between steps so that the flow can reach steady conditions. The flow at each steady 
state is then post-processed to create the points which form the characteristic. The 
overall computational time depends on the number of points required, but it varies 
between 20 and 40 minutes per characteristic using a single quad-core desktop 
workstation. For comparison, the time required to obtain a single operating point with 
the 3D CFD model is about 24 hours using 64 CPUs on a high performance computing 
facility. 
4.1 Grid convergence study for the through-flow code 
 
Figure 4 Convergence study for the low-order models; separated passage flow model (top), sub-
idle correlation (middle), hybrid method (bottom). 
 
The inlet and outlet domains are both extended axially by a length equivalent to one 
mean radius. The grid used in all the low-order simulations has 800 axial and 10 radial 
elements. A convergence study was run on a steady windmilling case for all 3 low-order 
models. The convergence study is shown in Figure 4; the mass-flow, pressure difference 
across the compressor and rotational speed are shown as percentage discrepancy for 
different grid size. The percentage discrepancy is defined as: (𝑋 − 𝑋𝐹𝐼𝑁𝐸) 𝑋𝐹𝐼𝑁𝐸⁄  ( 5 ) 
where X is the variable considered. The grid size ℎ is calculated as defined by Celik 
[20]: 
ℎ = [1𝑁 ∑(∆𝐴𝑖)𝑁𝑖=1 ]
1/2
 ( 6 ) 
where 𝑁 is the number of elements, and ∆𝐴𝑖 is the area of the 𝑖𝑇𝐻 element. The grids 
considered for all models are 400 axial elements by 5 radial elements, 800 by 10, 1200 
by 15, and 1600 by 20.  All the models show convergence, with the selected grid having 
less than 6% percentage discrepancy from the finest on all the variables. 
4.2 Locked rotor simulation 
The pressure and torque characteristic for the locked rotor case are reported in Figure 5 
and Figure 6. The torque is presented using the corrected torque parameter 𝜏𝑃 (torque 
over inlet total pressure). In both cases the sub-idle correlations have the best matching 
with the experimental results while the separated passage flow model has the worst.  All 
low-order models under-estimate the mass-flow in the range considered. 
 
Figure 5 Comparison of locked rotor pressure characteristics from experimental data, CFD and 
low-order models. 
The experimental data available does not extend until the choking conditions. The 
choking conditions were instead investigated using 3D CFD and the sub-idle 
correlations model, as these show the closest matching. The results are reported in 
Figure 7.  An exit-corrected mass-flow rate boundary condition is applied on the CFD 
modelling, allowing the entire characteristic to be investigated. This allows the exit-
corrected mass-flow to be increased progressively until no further increase in actual 
mass-flow occurs in the model, representative of choking conditions.  The low-order 
model is run reducing the pressure at domain outlet until the flow reaches choking 
condition and the mass-flow stops increasing. The two characteristics diverge at higher 
mass-flows, and the discrepancy from the CFD results is ~10% in pressure ratio close to 
choking conditions.  
 
Figure 6 Comparison of locked rotor torque characteristics from experimental data, CFD and low-
order models. 
The low-order models employ a body-force method which does not introduce the effect 
of blade thickness on the passage area and do not force the flow to follow exactly the 
blade local camber-line direction. As a result, the choking conditions are expected to 
occur at a higher mass-flow than in reality (or using 3D CFD). However, close to 
choking conditions the sub-idle correlations introduce a sharp increase in pressure loss 
coefficient, causing the pressure characteristic to become steeper. As a result the mass-
flow at which choking conditions occur is close to the value obtained through CFD. 
 
Figure 7 Comparison of locked rotor pressure characteristic close to choking conditions. 
4.3 Windmilling simulations 
The experimental rig was run in windmilling conditions to obtain the pressure 
characteristic and the windmilling signature line. However, in a real experiment a small 
resistant torque due to friction in the bearings is always present. As a result, the 
experimentally measured signature line does not pass through the origin of the chart. In 
order to account for this difference, a frictional torque is added to the model employing 
the sub-idle correlation. By modelling a single experimental point (?̇?′ =  0.1173) and 
matching pressure ratio and rotational speed, the mass-flow is found to match closely 
the experimental value (modelled ?̇?′ =  0.1185) and a mismatch in torque is found 
(𝜏𝑃 = 0.0576 𝑁 ∙ 𝑚/𝑃𝑎). This torque mismatch is due to both friction present in the 
real compressor and inaccuracy of the model. This torque is assumed to be all due to 
friction and implemented in the model as a constant resistant torque. The windmilling 
characteristic with friction is then created and it shows alignment not only to the point 
used to estimate the torque itself, but to the full range of experimental data. The 
characteristics created with sub-idle correlations, with and without friction, are 
presented in Figure 8 and Figure 9, and compared to experimental data and 3D CFD 
(without friction). The rotational speed 𝛺′ is normalised using the design value of speed.  
 
In both figures it can be observed that at high mass-flow the characteristic and 
windmilling signature line with and without friction become closer asymptotically. This 
occurs because, as the mass-flow increases, the resistant torque becomes less important 
with respect to the torque exchanged between the front and the rear stages of the 
compressor. At high mass-flows the experimental signature line aligns to the friction-
less model line, which passes through the origin of the chart. At low mass-flow instead, 
it diverges and has lower rotational speed; the same behaviour is reproduced by the low-
order model with friction. 
 
Figure 8 Comparison of windmilling pressure characteristics from experimental data, CFD 
(without friction) and a low-order model with and without friction. 
 
Figure 9 Comparison of windmilling signature line from experimental data, CFD (without 
friction) and low-order model with and without friction. 
The results of zero-torque windmilling simulations (no friction) obtained with the low-
order model are reported in figures Figure 10 - Figure 11 and compared to the 3D CFD 
results and experimental data. The sub-idle correlations have the best matching with the 
CFD results and with experimental data at high mass-flow. The value of the signature 
line slope predicted by the low-order models are reported in Table 1 and compared with 
the experimental data. The experimental signature line slope is obtained by fitting the 






Comparison of experimental and modelled windmilling signature line slope 
 
Windmilling 
signature line slope 
Discrepancy from 
experimental data 
   
Experimental data 0.715 / 
CFD 0.738 3.1% 
Separated passage flow model 0.924 29.2% 
Sub-idle correlations 0.724 1.3% 
Hybrid method 0.722 1.0% 
 
 
Figure 10 Comparison of zero-torque windmilling pressure characteristics from experimental 
data, CFD and low-order model. 
 
Figure 11 Comparison of windmilling signature line from experimental data, CFD and low-order 
models. 
 
The distribution of the torque in the different blade rows during windmilling is 
presented in Figure 12, with the results obtained from the sub-idle correlations low-
order model and 3D CFD. The simulations are run in zero torque conditions with the 
same mass-flows: case 1 ?̇?′ = 0.086, case 2 ?̇?′ = 0.162. The torque presented has 
been normalised using the value at the first rotor, the normalised torque of the 𝑛 blade 
row is then: 𝜏𝑛′ = 𝜏𝑃 𝑛 𝜏𝑃 1⁄ . It can be observed that the distribution predicted by each 
model remains largely constant at different mass-flows. The constant axial distribution 
of normalised torque with different mass-flows is another indication that the windmill 
condition can be characterized as a non-dimensional operating point [11-21-22]. Such a 
 
point can be described by a single flow and work coefficient pair for the entire machine; 
or indeed for each individual stage.  
Both models predict that the first 4 rows have a positive torque, introducing energy in 
the flow, and the last 2 have negative torque and extract energy from the flow. As the 
distribution does not change, this structure remains constant for the mass-flow range 
considered. 
 
Figure 12 Torque distribution between the rotors at zero-torque windmilling conditions. Case 1 ?̇?′ = 0.086, case 2 ?̇?′ = 0.162. 
Overall the low-order model using the sub-idle correlations has the best match with 
experimental data and 3D CFD in all cases presented.  
Despite having different pressure characteristic, the low-order models using sub-idle 
correlations and hybrid method have very similar results for torque characteristic (at 
locked rotor conditions) and windmilling signature. This suggests that these two 
characteristics, which link mass-flow and torque, are mainly driven by deviation (the 
two models share the same method to estimate it), and are not strongly influenced by 
the pressure loss. 
5.0  CONCLUSIONS 
In this paper different low-order methods to model the performance of blade rows in 
sub-idle conditions have been presented and used in the generation of locked rotor and 
windmilling characteristics with a through-flow code. The cases studied include 
pressure and torque characteristics in the locked rotor case, and the pressure 
characteristic and signature line in zero-torque windmilling conditions. The 
characteristics generated are compared to experimental data and 3D RANS CFD 
simulation. The low-order model employing the correlations for sub-idle conditions 
developed in Cranfield University reproduced every characteristic with close matching 
to experimental data and CFD. The introduction of an input torque in the code allows 
the modelling of friction or external cranking, as during engine starting. Using a 
resistant torque, the effect of friction observed in the experimental windmilling tests has 
been reproduced and closely matched. The distribution of work exchange along blade 
rows during wind-milling has also been investigated and successfully matched with 
results from CFD.  
The code presented requires as input only the basic geometry of the blades and the 
annulus and can therefore be used to evaluate the compressor sub-idle performance at 
an early design stage. This can be used to simulate the cranking and starting of a gas 
turbine for both propulsion and power generation applications. Furthermore the sub-idle 
characteristics can be used to simulate the condition of altitude re-light, which is an 
important requirement for aero-engines. 
The through-flow code represents a fast alternative to 3D CFD, allowing the creation of 
a full characteristic in less than an hour. When coupled with a map generation technique 
taking locked rotor and windmilling characteristics as inputs [11], such a model has the 
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